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Endogenous retroviruses exist in distinct structural formsindicated that humans and chimpanzees are more
closely related to each other than either is to gorillas that proceed in a defined chronological order. As with
other retrotransposable elements, the preintegration site[1–4]. However, precise details of the nature of the
evolutionary separation of the lineage leading to is the most ancestral allele [5–7] and is followed by the
inserted element, which is the full-length provirus in thehumans from those leading to the African great
apes have remained uncertain. The unique insertion case of endogenous retroviruses. Frequently, homologous
recombination between the two long terminal repeatssites of endogenous retroviruses, like those of
other transposable genetic elements, should be (LTRs) of full-length proviruses then results in the forma-
tion of solo LTRs. Random deletions of parts of provirusesuseful for resolving phylogenetic relationships
among closely related species. We identified a along with flanking host sequences may also occur. Provi-
ruses or solo LTRs present at the same site in the genomeshuman endogenous retrovirus K (HERV-K) provirus
that is present at the orthologous position in the of two species are identical by descent, as the likelihood
of independent integrations at the same site (insertionalgorilla and chimpanzee genomes, but not in the
human genome. Humans contain an intact homoplasy) is negligible [7, 8].
preintegration site at this locus. These
observations provide very strong evidence that, for HERV-K [9] is present in the genomes of catarrhines
some fraction of the genome, chimpanzees, (cercopithecoids 5 Old World monkeys, and hominoids 5
bonobos, and gorillas are more closely related to apes and humans) [10–12], and more distantly related
each other than they are to humans. They also show sequences are present in platyrrhines (New World mon-
that HERV-K replicated as a virus and reinfected the keys) [13]. It has been reinfecting the germline of the
germline of the common ancestor of the four lineage leading to modern humans in recent evolutionary
modern species during the period of time when the time [14, 15]. Many of the HERV-K proviruses present
lineages were separating and demonstrate the in the human genome today formed after the evolutionary
utility of using HERV-K to trace human evolution. separation of the human lineage from the chimpanzee
and gorilla lineages [14, 15]. Others formed prior to theAddresses: *Department of Molecular Genetics, Albert Einstein
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(HERV-K-GC1) indicated that the orthologous position
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Figure 1
PCR amplification of HERV-K-GC1 from
primate genomic DNAs. Species abbreviations
are: M.m., Macaca mulatta; P.py., Pongo
pygmaeus; G.g., Gorilla gorilla; P.pa., Pan
paniscus; P.t., Pan troglodytes; and H.s.,
Homo sapiens. (a) A map of the HERV-K-
GC1 preintegration and proviral loci. Arrows
show the positions of PCR primers used in
this study. Primers within HERV-K were from
Barbulescu et al. [14]. Those from the
flanking sequences were based on the human
sequence from BAC RPCI11–500M8
(GenBank Accession number AC005832).
Macaca mulatta lacks a stretch of about 600
bp relative to the hominoid species near primer
39f. The white boxes indicate the 5 bp target
sequence that was duplicated during the
integration of HERV-K-GC1. The black
rectangles denote the HERV-K long terminal
repeats (LTRs). (b) PCR amplification of the
provirus junctions and preintegration site.
Each lane shows the products from a
different individual of the indicated species. M,
marker. (c) PCR amplification of the HERV-
K-GC1 provirus and preintegration site using
different primer pairs in one individual of each
of the indicated species.
in humans lacked a HERV-K provirus or solo LTR. PCR Several possibilities were considered to explain how a
provirus could be present in Gorilla and Pan but be absentprimers were designed based on the human sequence
(BAC RP11–500M8 from human chromosome 12p13.3, in Homo. It is highly unlikely that the provirus was deleted
in humans, as the retroviral integration process is irrevers-GenBank accession number AC005832) that flanked both
sides of the HERV-K-GC1 provirus and used to amplify ible. Another possibility was that the provirus was re-
placed in the human lineage by a gene conversion orthe orthologous sequences from various primates (Figure
1). Sequencing of the resulting products (Figure 2) re- unequal crossover event. In particular, the preintegration
site may have been duplicated either in tandem or atvealed that integration of HERV-K-GC1 involved a 5 bp
target site duplication (59-ATTAT-39 flanking the viral 1 another position within the genome of the common ances-
tor of Homo, Pan, and Gorilla. A recombination eventstrand) and that the provirus was inserted at the identical
bp in the genomes of gorillas, bonobos, and common involving the duplicated locus could then have replaced
the 9.5 kb provirus in humans with a sequence similar tochimpanzees. No preintegration site allele was detected
by PCR in any Gorilla or Pan individual tested (Figure the preintegration site. In this regard, analysis of the hu-
man sequence flanking the HERV-K-GC1 integration site1). Thus, the HERV-K-GC1 provirus must have formed
prior to the separation of the lineages leading to Gorilla in Pan and Gorilla indicated that the ape provirus lies
within an older L1 retrotransposon and that several L1and Pan.
elements and an Alu element lie within a 5 kb stretch
flanking the insertion site of the provirus. This particularly
In contrast, PCR and sequencing analyses showed that the raised the possibility that gene conversion from an L1
human, orangutan (Pongo pygmaeus), and rhesus macaque element at a nonorthologous position might have replaced
(Macaca mulatta) genomes contained a preintegration site the provirus in the human lineage.
at the orthologous locus (Figures 1 and 2). No solo LTR
was present, and the 5 bp target site was not duplicated.
Multiple humans and orangutans were tested, and all were To test these possibilities, we designed several PCR prim-
ers based on the human sequence over a 5.4 kb stretchfound to contain only the preintegration site (Figure 1b).
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Figure 2
Sequences flanking the HERV-K-GC1
insertion site in different primate species.
Sequences were entered into GenBank
(Accession numbers AF294259-
AF294264). (a) A diagram showing the
sequenced region relative to the position of
the provirus in Gorilla and Pan. The numbers
to the left of each line show the differences
between the corresponding sequence and the
human sequence, in which each substitution,
insertion, or deletion relative to human was
counted as one difference. The black
rectangles indicate the HERV-K long terminal
repeats (LTRs). The white boxes indicate the
5 bp (ATTAT) that were duplicated flanking
the provirus in Gorilla and Pan. These are
present only once in Homo, Pongo, and
Macaca. The 5 bp sequence is present at
nucleotide 173,033 of version AC005832.1
of the BAC. GENSCAN 1.0 analysis of the
human BAC predicted the presence of a gene
similar to one of unknown function predicted
within the Drosophila melanogaster genome
(CG9986, GenBank Accession numbers
AAF56802) z2 kb downstream of the position
of the provirus in Gorilla and Pan and in the
opposite transcriptional orientation.
RepeatMasker analysis of the human BAC
indicated that there were several L1
sequences and an Alu element within a 5
kbp stretch surrounding the provirus insertion
site in apes. (b) The sequences
corresponding to 165 bp flanking either side
of the provirus. Asterisks indicate the
positions of single base pair substitutions. sequence. Dashes indicate the absence of the provirus allele (V) in the Homo, Pan, and
Deletions in the indicated species are shown corresponding nucleotide. The last five Gorilla lineages. E 1 V indicates that both
as gaps. (c) Sequences of 40 bp immediately nucleotides of the viral LTRs are shown in the alleles were present in the population of the
flanking either side of the provirus. Dots indicate black rectangles. (d) Segregation of the cognate species. LCA, last common
sequence identity relative to the human empty preintegration allele (E) and the ancestor.
of sequence flanking the site of the HERV-K-GC1 inser- sequences flanking the provirus in a gorilla and a bonobo
and the corresponding preintegration loci from an orang-tion in Pan and Gorilla (Figure 1). No evidence for a
preintegration locus in Pan or Gorilla was seen with any utan and a rhesus macaque were determined by the se-
quencing of PCR-amplified segments of the cognate ge-combination of primers used (Figure 1c). Thus, neither
of those genera contains a duplicated locus, tandem or nomes and compared to the corresponding stretch of
human DNA (Figure 2). A stretch corresponding to 2852otherwise, including any L1 element at a nonorthologous
position, that is sufficiently similar to the HERV-K-GC1 bp in humans was determined in each species. The five
sequences were colinear throughout their entire lengths,site to be recognized by any of the PCR primer pairs
used. The data are consistent with the conclusion that except for the provirus and indels of a few bp, such as
those shown in Figure 2b. Thus, there is no small duplica-these genera lack an appropriate locus for a putative gene
conversion event that could have eliminated the provirus tion, tandem or otherwise, within the sequenced stretch
of any of the genera that might have participated in awithin the human lineage.
putative recombination event to replace the provirus
within the human lineage. The colinearity also showedWe also considered the possibility that a putative recombi-
that all the L1 elements within the sequenced stretchnation event involved a duplication of a sequence flanking
flanking the proviral insertion site were ancestral to thethe provirus insertion site that was too short to be detected
cercopithecoid-hominoid divergence. As expected, thewith the PCR primers used. The innermost primer pair
Homo sequence was most related to those of the Africanused (59c and 39d, Figure 1) generated a 299 bp product
apes, Pan and Gorilla, and more distantly related to thosefrom human DNA containing 192 bp 59 to the ATTAT
of Pongo and Macaca (Figure 2a). In pairwise comparisons,duplication in apes and 102 bp 39 to the duplication. To
look for evidence of such a short, tandem duplication, the there was a 1.5% difference between Pan and Gorilla, 1.6%
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difference between Homo and Pan, and a 1.7% difference locus. Since the Gorilla lineage diverged before the Pan
and Homo lineages separated, this means that indepen-between Homo and Gorilla. Positions where two of the
three species possessed a shared derived difference rela- dent recombination events would have had to occur in
both the Pan and Gorilla lineages. While this scenario cantive to the outgroup sequence provided by Pongo and
Macaca provided insight into relationships among genera. never be formally excluded, there is a more parsimonious
alternative that involves three fewer recombinationHomo and Gorilla shared one such difference (a single bp
substitution), while Pan and Homo shared none. However, events.
Pan and Gorilla shared seven differences, including four
single bp substitutions, a one bp deletion, a ten bp dele- The alternative is an allelic segregation model (Figure 2d)
tion 160 bp 59 to the provirus (Figure 2b), and the provirus in which the provirus formed in the most recent common
itself. These observations strongly supported Pan and ancestor of Homo, Pan, and Gorilla just before the three
Gorilla as being the most closely related genera in this lineages separated. The provirus allele was fixed in the
part of the genome. Gorilla lineage. Both alleles were then maintained in the
Pan-Homo common ancestor until the individual lineages
diverged. The provirus allele was fixed in the Pan lineage,The similarity of the Homo sequence to those of Pan and
Gorilla is clear, as it differs by 1.6%–1.7% (Figure 2). while the preintegration site allele was fixed in the Homo
lineage. The allelic segregation model is more parsimoni-BLAST searches of the human genome (htgs and nr data-
bases) with sequences as small as 45 bp immediately ous than the gene conversion scenario because it does
not require the locus duplication event in the commonflanking the provirus (ATTAT target for HERV-K-GC1
plus 20 bp on either side) showed that the next best ancestor or the two independent losses of the duplicated
locus in the Gorilla and Pan lineages. In addition, thematches after the orthologous locus differed by 8%–10%
from the sequences immediately flanking the HERV-K- possibility that humans diverged first, the provirus formed
next, and the gorilla-chimpanzee divergence occurred lastGC1 provirus in Pan and Gorilla. This indicates that the
L1 element into which the HERV-K-GC1 provirus is is extremely unlikely given the greatest sequence similar-
ity between chimpanzees and humans at most loci [1–4].integrated is an ancient element that has accumulated a
sufficient number of unique mutations to be 8%–10% Rather, the presence of HERV-K-GC1 in gorillas and
chimpanzees, but not humans, is best explained by thedifferent from any other L1 element in the human ge-
nome. Thus, it is unlikely that any nonorthologous se- maintenance of the preintegration site in the human lin-
eage since before the time when the provirus formed inquence in the human genome, L1 repeat or otherwise,
existed in recent human evolution that could have served the common ancestor of chimpanzees and gorillas. This
leads to the conclusion that, for some fraction of the ge-as the source sequence for a putative gene conversion
event that replaced the HERV-K-GC1 provirus specifi- nome, the gorilla and chimpanzee genomes are more
closely related to each other than either is to humans.cally within the human lineage, even an event that re-
placed as little as 20 bp on either side of the 9.5 kbp Furthermore, the number of shared derived differences
linking chimpanzees with gorillas (seven in 2852 bp) sug-HERV-K-GC1 provirus. Rather, the human locus is
clearly more closely related to the orthologous loci in Pan gests that relatively divergent haplotypes existed in the
last common ancestor of the three modern genera, whichand Gorilla than it is to any other locus in the human
genome. is indicative of a large effective population size. This is
similar to the pattern observed in extant great apes, in
which haplotypes differing by up to nine substitutionsIn principle, the following gene conversion scenario could
per kb are found within populations of chimpanzees orhave resulted in the removal of the provirus in the human
gorillas [18, 19] and are consistent with recent estimateslineage. First, the preintegration locus underwent a dupli-
of the effective population size of the last common ances-cation event in the common ancestor of Homo, Pan, and
tor of humans and chimpanzees [4].Gorilla. Second, the provirus formed in one of the two
copies of the locus by viral infection of the common ances-
tor. Next, the Gorilla lineage diverged from the Pan-Homo The precise details of the nature of the phylogenetic
separation of humans from the African great apes hascommon ancestor. Then, the Pan and Homo lineages di-
verged. Afterwards, a recombination event reversed the remained uncertain. Genetic studies indicated that hu-
mans and chimpanzees are the most closely related pairoriginal locus duplication, restoring a single copy of the
locus without the provirus in the Homo lineage. However, for much of the genome [1–4]. However, for some fraction
of the genome, they are not [1, 3, 4]. Such data are consis-the PCR and sequencing assays uniformly failed to detect
any evidence for the presence of such a duplicated locus tent with a model in which alleles segregated differently
among the three eventual lineages [1, 4, 19–21]. Somein Gorilla or Pan. Therefore, in addition to the removal
of the provirus specifically in the Homo lineage, the sce- alleles that were polymorphic in the common ancestor of
gorilla, chimpanzees, and humans became fixed withinnario also requires recombination events in the Pan and
Gorilla lineages to eliminate the provirus-free copy of the the common ancestor of humans and chimpanzees before
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